ABSTRACT | We investigated the effect of brilliant blue G on the development of oxidative stress and tissue damage in rats with acute malathion intoxication. Rats received a single dose of malathion (150 mg/kg) intraperitoneally (ip) and then treated with either saline or brilliant blue G (5, 10, or 20 mg/kg, ip). The control group received saline. Rats were euthanized 4 h after the last injection, and the brain and liver were removed for biochemical studies including determination of the lipid peroxidation malondialdehyde (MDA), nitric oxide, reduced glutathione (GSH), paraoxonase-1 (PON-1), butyrylcholinesterase (BChE), and Na + -K + ATPase activities. Histopathological evaluation of the brain and liver tissue was also performed. Results indicated that rats treated with only malathion exhibited significantly increased MDA and nitric oxide in the brain and liver accompanied with significant decline in tissue levels of GSH. In addition, there was significant decline in brain and liver PON-1 activity and a significantly decreased brain BChE and Na + -K + ATPase activities. Brilliant blue G at doses of 5-20 mg/kg caused a dose-dependent decrease in MDA, and at doses of 10-20 mg/kg decreased nitric oxide, and increased GSH in the brain and liver of malathion-treated rats. It also increased PON-1 activity in the brain (at doses of 10-20 mg/kg) and liver (at a dose of 20 mg/kg). Brilliant blue G at doses of 5-20 mg/kg increased BChE activity and at doses of 10-20 mg/kg increased Na + -K + -ATPase activity in the brain of malathion-treated rats. In conclusion, treatment with brilliant blue G decreased oxidative stress in the brain and liver and restored BChE and Na + -K + ATPase activities in the brain of malathion-intoxicated rats. The dye afforded protection against malathion-induced neuronal and liver cell injury.
INTRODUCTION
Humans are frequently exposed to organophosphate insecticides in agriculture, garden, and veterinary processes, as well as in the household [1] . These compounds pose a risk for both acute and long-term toxicity. Organophosphates exert their toxic effects mainly by inhibiting acetylcholinesterase (AChE) activity at the neuronal synapse, motor end-plate, and nerve endings. In the development of acute toxicity, exposure to high concentrations of organophosphates results in the accumulation of acetylcholine at the above sites leading to excessive nicotinic and muscarinic stimulation and the development of such symptoms/signs as bronchospasm, bradycardia, muscle twitches, convulsions, muscle paralysis, respiratory depression, confusion, and even death might ensue [2, 3] . Occupational or accidental exposure can also result in delayed neurological complications including neuropsychiatric symptoms, depression [4] , memory decline, ataxia, extrapyramidal symptoms [5, 6] , and peripheral sensory neuropathy [7] . Organophosphorus insecticides have also been implicated in neurodegeneration such as that occurring in Parkinson's disease [7, 8] and dementia [9] . In rats, exposure to malathion causes neuronal degeneration in the cerebral cortex and hippocampus, reactive gliosis, and increased expression of glial fibrillary acidic protein (GFAP) [10] [11] [12] . These neurotoxic effects of organophosphates involve such pathogenetic mechanisms as oxidative/nitrosative stress [10] [11] [12] [13] [14] [15] , impaired mitochondrial dynamics, and compromised mitochondrial bioenergetics [16, 17] . Thus, increased lipid peroxidation along with decreased reduced glutathione (GSH) levels and decreased activities of the antioxidant enzymes glutathione reductase and glutathione peroxidase (GPx) and decreased total antioxidant capacity in the brain, liver, and blood have been shown in rats treated with the organophosphate insecticide malathion [10-12, 15, 17, 18] . Malathion also resulted in DNA damage of peripheral blood lymphocytes [10, 19] and reduced superoxide dismutase, catalase, and GPx activities in human erythrocytes [20] . The insecticide in addition increased brain interleukin-1beta (IL-1β) [19] and the expression of the inducible form of nitric oxide synthase RESEARCH ARTICLE REACTIVE OXYGEN SPECIES | aimsci.com/ros 416 VOLUME 6 | ISSUE 18 | NOVEMBER 2018 ©2018 AIMSCI Inc. All Rights Reserved.
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and increased nitric oxide content in the brain and liver of rats [10, 21] . The agent was also shown to inhibit mitochondrial complexes I [16] and IV [14] . Other organophosphates were shown to alter mitochondrial dynamics and to impair axonal transport at concentrations that do not inhibit AChE activity [22] .
Brilliant blue G, also known as Coomassie brilliant blue, is used as a food additive and in the staining of proteins in biomedical applications [23] . It is a purinergic P2X7 receptor antagonist. The latter is an integral plasma membrane protein which, when activated by excess adenosine 5′-triphosphate (ATP) released following cell injury, mediates Ca 2+ influx, release of pro-inflammatory cytokines, increased formation of reactive oxygen metabolites, and cell death [24, 25] . Recently, studies suggested a neuroprotective potential for brilliant blue G in models of neurodegenerative diseases such as Huntington's disease [26] , amyotrophic lateral sclerosis [27] , Parkinson's disease [28, 29] , and in traumatic brain damage [30] . In these studies, the dye was shown to exert inhibitory effects on nitric oxide, nuclear factor kappaB (NF-κB) [27, 29] , IL-1β [27] , and to decrease the activation of microglia [31] . The aim of the present study was, therefore, to investigate the therapeutic potential of brilliant blue G in malathioninduced neuronal and liver damage.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (180-200 g in body weight) were used in the study. Rats were obtained from the animal house colony of the National Research Centre (Cairo, Egypt). Standard laboratory food and water were provided ad libitum. The study was performed in accordance with animal protocols and the recommendations of the United States National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No. 85-23, revised 1985).
Drugs and Chemicals
Malathion (commercial grade, 57%) from El-Naser Chemical Co. (Cairo, Egypt) was used. Brilliant blue G was purchased from Sigma-Aldrich (St Louis, MO, USA) and dissolved in isotonic saline solution immediately before use. Other chemicals and reagents were purchased from Sigma-Aldrich. Selection of the doses of brilliant blue G were based on previous studies [25] .
Study Design
Rats were randomly allocated into five equal groups, six rats each. Group 1 (normal control) treated with 0.9% saline intraperitoneally (ip) (0.2 ml/rat). Group 2-5 received malathion (150 mg/kg, ip) followed immediately by ip saline (served as malathion control), brilliant blue G at doses of 5, 10, or 20 mg/kg. Rats were by euthanized 4 h later by decapitation for tissue collection, and the brains and livers then quickly dissected out on an ice-cold plate, washed with ice-cold phosphate-buffered saline (pH 7.4), weighed, and stored at −80C for biochemical assays. The brain was homogenized in 0.1 M phosphatebuffered saline at pH 7.4 to give a final concentration of 20% w/v, and homogenates were used in biochemical assays.
Biochemical Assays
Determination of Lipid Peroxidation
Lipid peroxidation was measured by determining its product malondialdehyde (MDA) according to the method described by Ruiz-Larrea et al. [32] . In this assay, 2-thiobarbituric acid reacts with MDA at 25°C to yield a red-colored complex which is measured spectrophotometrically at 532 nm.
Determination of GSH
GSH was determined according to the method described by Ellman et al. [33] . Ellman´s reagent [DTNB; 5,5′-dithiobis(2-nitrobenzoic acid)] reacts with the free thiol group of GSH to form 2-nitro-Smercaptobenzoic acid. The chromophore has a yellow color and is determined spectrophotometrically at 412 nm.
Determination of Nitric Oxide
Nitric oxide was determined indirectly via measuring the amount of nitrite using the Griess reagent. In the assay, nitrate is converted to nitrite by the enzyme nitrate reductase. Nitrite then reacts with the Griess 
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reagent to form a purple azo compound, and its absorbance is measured at 540 nm with a spectrophotometer [34] .
Determination of Paraoxonase-1 (PON-1) Activity
The arylesterase activity of PON-1 was determined in supernatants using phenylacetate as a substrate. In this assay arylesterase hydrolyzes phenylacetate resulting in the formation of phenol. The rate of phenylacetate hydrolysis is measured by monitoring spectrophotometrically the increase in absorbance at 270 nm at 25C. One unit of arylesterase activity is equivalent to 1 μmol of phenol formed per min. Enzyme activity expressed as kU/l is calculated based on the molar extinction coefficient of 1,310 M -1 cm
for phenol at 270 nm, pH 8.0, and 25°C [35] .
Determination of Brain Cholinesterase Activity
Butyrylcholinesterase (BChE) activity was measured in supernatants using a commercially available kit (Ben Biochemical Enterprise, Milan, Italy). BChE catalyzes the hydrolysis of butyrylthiocholine as a substrate into butyrate and thiocholine. The latter reacts with DTNB to produce a yellow chromophore which then could be quantified using a spectrophotometer [36] .
Determination of Brain Na
+ -K + ATPase Activity
Na + -K + ATPase activity was determined using an ELISA kit purchased from Sunlong Biotech Co. (Zhejiang, China).
Histopathological Studies
Brain and liver samples of all animals were dissected immediately after euthanasia. The specimens were then fixed in 10 % neutral-buffered formalin saline for at least 72 h. All the specimens were washed in tap water for half an hour and then dehydrated in ascending grades of alcohol, cleared in xylene, and embedded in paraffin. Serial sections of 5 μm thick were cut and stained with hematoxylin and eosin for histopathological investigation. Images were examined and photographed under a digital camera (Microscope Digital Camera DP70, Tokyo, Japan), and processed using Adobe Photoshop version 8.0 (San Jose, CA, USA).
Statistical Analysis
Data are presented as mean ± SEM. One-way analysis of variance (ANOVA) was used for data analysis and post-hoc individual comparisons were performed with Duncan's multiple range test.
RESULTS
Biochemical Results
Brain Oxidative Stress
In rats exposed to malathion, the level of the lipid peroxidation product MDA increased by 112.6% compared with the saline-control group (52.3 ± 2.7 vs. 24.6 ± 1.4 nmol/g tissue). There was also 86.6% increase in nitric oxide in the brain after malathion administration (72.4 ± 4.1 mol/g tissue), compared with the control value of 38.9 ± 2.2 mol/g tissue ( Figure 1) . Meanwhile, the concentration of GSH was reduced by 37.6% (2.41 ± 0.10 vs. 3.86 ± 0.17 mol/g tissue).
Rats treated with malathion and brilliant blue G showed a significant and dose-dependent decrease in brain MDA by 26.9%, 45.9%, and 48.2%, respectively, compared with malathion only control group (38.2 ± 2.9, 28.3 ± 2.1 and 27.1 ± 1.5 vs. 52.3 ± 2.7 nmol/g tissue). There was also a significant decrease in brain nitric oxide by 17.1% and 36.7% with brilliant blue G given at 10 and 20 mg/kg, respectively (60.0 ± 3.0 and 45.8 ± 2.3 vs. 72.4 ± 4.1 mol/g tissue). Brilliant blue G given at 5 mg/kg had no significant effect on brain GSH concentration, but the higher doses of 10 or 20 mg/kg resulted in 25.3% and 33.6% increments in GSH (3.02 ± 0.12 and 3.22 ± 0.19 vs. 2.41 ± 0.10 mol/g tissue) (Figure 1 ).
Brain PON-1 Activity
Rats treated with malathion only exhibited a 65.9% decrease in brain PON-1 activity (4.71 ± 0.18 vs. 13.8 ± 1.5 kU/l). A significant increase in PON-1 activity by 30 
Liver Oxidative Stress
In the liver of malathion only-treated rats, MDA values increased by 38.6% compared with the saline group (53.8 ± 3.0 vs. 38.8 ± 2.5 nmol/g tissue). Malathion caused 63.2% increase in nitric oxide (70.2 ± 3.3 mol/g tissue compared with the control value of 43.0 ± 1.9 mol/g tissue (Figure 2 ). There was also 29.8% decrease in GSH level (4.83 ± 0.19 vs. 6.88 ± 0.32 mol/g tissue). Brilliant blue G given at 10 and 20 mg/kg resulted in a significant decrease in MDA by 18.8%, and 22.1%, respectively, compared with malathion control group (43.7 ± 1.4 and 41.9 ± 3.1 vs. 53.8 ± 3.0 nmol/g tissue). There was also a significant decrease in nitric oxide by 23.8%, 37.2%, and 43.9%, respectively (53.5 ± 4.2, 44.1 ± 2.6 and 39. 
Liver PON-1 Activity
A significant decrease in PON-1 activity by 38.1% was found in the liver of rats exposed to malathion (23.6 ± 1.2 vs. 38.1 ± 1.7 kU/l). There was a significant increase in PON-1 activity by 30.9% after brilliant blue G at 20 mg/kg (30.9 ± 1.5 vs. 23.6 ± 1.2 kU/l) (Figure 2) .
Brain Cholinesterase Activity
A significant decrease in BChE activity by 42.2% was observed in the brain of malathion-intoxicated rats (109.2 ± 6.7 vs. 189.0 ± 11 U/l). Brilliant blue G treatment resulted in 63.7, 72.8, and 109.2% increments in brain BChE activity compared with the malathion control value (178.8 ± 9.4, 188.7 ± 13.9 and 228.5 ± 12.0 vs. 109.2 ± 6.7 U/l) (Figure 3) . 
FIGURE 2. Effect of brilliant blue G on malondialdehyde (MDA) (A), nitrite (B), reduced glutathione (GSH) (C), and paraoxonase-1 (PON-1) (D) in the liver
ROS ments in Na
+ -K + ATPase activity, respectively (0.414 ± 0.027 and 0.428 ± 0.021 vs. 0.245 ± 0.017 μg Eq/ml) (Figure 4). 
Histopathological Results
Brain Tissue
Malathion caused marked neuronal signs of degeneration and atrophy in the cerebral cortex, hippocampus, and cerebellum. These changes were not altered by brilliant blue G at 5 mg/kg, but were ameliorated by the higher doses of the dye in a dose-dependent manner (Figures 5-7) .
Liver Tissue
Rats treated with only malathion exhibited vacuolar degeneration, karyorrhexis, karyolysis, and dilatation of blood sinusoids and main blood vessels. The administration of brilliant blue G at 10 mg/kg resulted in marked amelioration of the malathion-induced pathological changes, while the dose of 20 mg/kg resulted in normalization of liver tissue (Figure 8 ).
DISCUSSION
In this study, we examined the ability of the purinergic P2X7 receptor antagonist brilliant blue G to protect against toxicity caused by the organophosphate insecticide malathion. Brilliant blue G was able to alleviate oxidative stress in the brain and liver of malathion-intoxicated rats. The dye was also shown to ameliorate PON-1 inhibition and to restore brain BChE and Na + -K + ATPase activities. These observations clearly suggest a protective action for brilliant blue G against the malathion toxicity. The purinergic P2X7 receptors are ATP-gated ion channels, expressed on astrocytes and microglia. When activated by extracellular ATP released during tissue injury, these cells release proinflammatory cytokines and inflammatory mediators resulting in neuroinflammation. The latter has been implicated in the initiation and/or progression of neuronal loss in a number of neurodegenerative diseases [25] . Several studies indicated a neuroprotective potential for brilliant blue G in rodent models of amyotrophic lateral sclerosis, Parkinson's disease, brain trauma, and spinal cord injury [26] [27] [28] [29] [30] [31] . In these studies, the systemic admin- 
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istration of the dye has been shown to decrease the release/levels of IL-1β, IL-10 [27], nitric oxide [29] , NF-B [27, 29] , protein kinase Cγ [30] , tumor necrosis factor-α, and microglia activation [31] . Previously, we have demonstrated the ability of brilliant blue G to protect against the rotenone neurotoxicity in the rat brain [29] . The increments in nitric oxide and NF-B in the brain of rotenone-intoxicated rats were reduced by brilliant blue G which also alleviated the inhibition in PON-1 activity. The pathways by which brilliant blue G modulates neuronal injury are likely to be through inhibition of oxidative stress and neuroinflammation. In addition, the dye exerted an antiapoptotic action, decreasing caspase-3 immunoreactivity, and rescuing the pigmented dopaminergic neurons in the substantia nigra and GFAP-positive astrocytes [29] . The findings in the present study indicate that brilliant blue G could reduce the malathion-induced oxidative stress and cell injury in both the brain and the liver. This is a potentially important observation in view of the ability of malathion and other organophosphates to cause potentially serious [8, [37] [38] [39] .
Our observations are in accordance with previously published studies showing increased lipid peroxidation [10-12, 14, 15, 18] , decreased GSH [10-12, 19, 21] , reduced activities of the antioxidant enzymes GPx [21] , catalase, superoxide dismutase, and glutathione reductase [20] , and decreased total antioxidant capacity [10, 21] in the brain and liver of malathion-treated rats. Malathion increased the formation of superoxide anions in hippocampal submitochondrial particles and resulted in inhibition of mitochondrial complexes I and IV activities [14, 16] . These data thus suggest the involvement of free radical-mediated mechanisms and mitochondrial impairment in the malathion-induced tissue damage. In support of this notion are the findings that the neurotoxic actions of malathion (and other organophosphates) could be attenuated through the use of 
antioxidants such as grape seed extract [19] , vitamin C, and green tea [40] . Moreover, lipid peroxidation and the changes in antioxidant enzymes induced by malathion in rat and human erythrocytes could be reduced by chain breaking antioxidants, including ascorbate and α-tocopherol [13, 20] . The findings in the present study of increased tissue level of the lipid peroxidation end product MDA and the concomitant decrease of the antioxidant and free radical scavenger GSH following malathion treatment support a role for reactive oxygen metabolites in the toxicantinduced neuronal and liver tissue injury. We have also shown that brilliant blue G caused a dosedependent decrease in MDA, and increased GSH in the brain and liver of malathion-treated rats, suggesting a decrease in the malathion-induced oxidative stress and the consequent tissue damage by the dye.
Our results also show markedly elevated nitric oxide levels in the brain and liver of malathionintoxicated rats. Neurotoxic and hepatotoxic changes as well as DNA damage of peripheral blood lymphocytes induced by malathion could be attenuated with inhibitors of nitric oxide synthase. This suggested the involvement of increased nitric oxide generation in the malathion-induced tissue damage [21] . Malathion increases endogenous nitric oxide biosynthesis and the expression of the inducible form of nitric oxide synthase (iNOS) in the rat brain and liver [10, 21] . The generation of nitric oxide in excessive amounts could result in oxidative and nitrosative injury. This occurs through the reaction of nitric oxide with molecular oxygen to form a variety of nitrogen oxide species or by reacting with the superoxide forming the reactive peroxynitrite (ONOOˉ) [41] . In this study, brilliant blue G was shown to decrease nitric oxide concentrations in the brain and liver of malathion-treated rats. This finding suggests that inhibition of nitric oxide synthesis might be one mechanism by which the dye protects against the malathion toxicity.
This study also indicated that exposure to malathion was associated with significant inhibition of PON-1 activity in the brain and liver. This finding is in agreement with our previously published data [10, 11, 19, 21, 42] . The A-esterase PON-1 enzyme hydrolyzes the active metabolites (oxons) of some organophosphate insecticides, such as diazoxan, dichlorvos, and chlorpyrifos oxon [43] . Reduced enzyme activity is found in farm workers after exposure to anticholinergic pesticides and following acute intoxication with organophosphates, indicating PON-1 inhibitory effect for these compounds [44] . The decrease in PON-1 activity was also shown to be associated with a greater inhibition of BChE activity in the plasma of agricultural workers exposed to organophosphates [45] . On the other hand, a decline in the catalytic efficiency of PON-1 enzyme has been shown to determine the susceptibility to organophosphates and the risk for developing Parkinson's disease in subjects exposed to these compounds [43, 46, 47] . Studies also implicated exposure to organophosphates in the development and progression of the motor and cognitive symptoms in Parkinson's disease, especially in subjects with the PON1L55M genotype, the slow metabolizer variant of PON-1 [48] . On the other hand, the administration of exogenous PON-1 to rats and mice could protect against organophosphate toxicity [43, 49] . As shown in the present work, the administration of brilliant blue G to malathion-intoxicated rats resulted in a significant increase in PON-1 enzyme activity. The mechanism that underlies this effect of brilliant blue G is not clear. PON-1 activity could be inhibited by oxidative stress [50] and thus, it is possible that the increase in enzyme activity is due to reduced levels of oxidative stress by the dye.
The neurotoxicity of organophosphate insecticides is largely ascribed to their ability to irreversibly inactivate the enzyme AChE, resulting in excessive accumulation of acetylcholine at the synaptic cleft and motor-end plate [2, 3] . BChE is found in the brain, plasma, smooth muscles, and heart [51] . BChE acts to hydrolyze excess acetylcholine [52] and to protect nerve terminals from increased acetylcholine [53] . BChE activity declines in the brain of rats treated with malathion [10, 11, 19, 21] . In malathionintoxicated rats, brain BChE activity could be increased by treatment with grape seed extract, an antioxidant or by atropine along with reduced neuronal injury [10] . In the present study, there was a marked increase in BChE activity after treatment of malathion-intoxicated rats with brilliant blue G. Whether this is related to the neuroprotection afforded by the dye is not clear.
Our results also show that malathion resulted in decreased brain Na + -K + ATPase activity. The latter is responsible for maintaining Na + and K + ion gradients across the cell membrane and the resting membrane potential by an energy-dependent mechanism [54] . A mitochondrial bioenergetic deficit is likely to be in-REACTIVE OXYGEN SPECIES | aimsci.com/ros 424 VOLUME 6 | ISSUE 18 | NOVEMBER 2018 ©2018 AIMSCI Inc. All Rights Reserved.
volved in the neurotoxic effects of malathion and other organophosphate insecticides [10, 14, 16, 17] . The decrease in the activity of the Na + -K + ATPase in the present study might thus be due to a decrease in ATP production. The administration of brilliant blue G was able to restore Na + -K + ATPase activity in the brain of malathion-treated rats. The study suggests that brilliant blue G might rescue neurons during malathion intoxication by maintaining Na + -K + ATPase activity.
In conclusion, the findings of the present study indicate that the neurotoxic and hepatotoxic alterations caused by malathion could be attenuated with the use of the purinergic P2X7 receptor antagonist brilliant blue G. Such neuro-and hepato-protection is likely to involve a decrease in oxidative/nitrosative stress.
